Recently discovered 'Eph' family receptors and their ligands appear likely to provide the 'cytochemical tags' that Sperry speculated enable axons projecting from the retina to find their correct targets in the brain.
The image of this text on your retina is presented to the brain in a remarkably specific way as a result of the developmental phenomenon of axon guidance. Information from the eye is transmitted by axons of retinal ganglion cells to paired midbrain structures, known as the optic tecta in non-mammals and the superior colliculi in mammals. The retinal image, which is upside-down and back-to-front, is rectified in the brain, because anterior and posterior ganglion cells map to the posterior and anterior tectum, whereas dorsal and ventral ganglion cells map to the ventral and dorsal tectum. Ganglion cells in intermediate retinal positions follow the same rules to produce in the tectum a continuous and faithful representation of the world. The question is, and has been for nearly a century, how does this happen?
Sperry's revolutionary perspective
Early theories of guidance proposed that axons follow preordained structural contours by a mechanical process of contact guidance -but this simply begged the questions of how these contours arose in the first place and why axons followed one pathway rather than another. Similarly, axons had been supposed to grow out at random, innervating only those cells that allow the formation of behaviourally appropriate circuits. This latter idea was demolished by the work of Roger Sperry, who in the early 1940s devised a brilliant series of experiments which provided the evidence for his chemoaffinity theory of axon guidance. Sperry removed the eye from a newt, rotated it 180°, put it back and waited for the retinal ganglion cell axons to regenerate -they do not in mammals, but that's another story. Instead of getting lost, or reconnecting to produce normal behaviour, the axons grew from their misplaced origins to their original tectal locations. The result was a newt which behaved abnormally, because the visual field of the rotated eye was upside down and back to front (Fig. 1) .
As axons from specific retinal locations always grew to connect with cells in specific tectal locations, Sperry [1] proposed the existence of sets of cytochemical labels that allow axons to recognize their targets. He realised that a unique label for each cell "would require more bits of information than is contained in the genome", so he proposed instead that these cytochemical labels would have to be distributed in complementary gradients across the retina and tectum. Sperry's hypothesis was testable and predicted a graded distribution in the retina and tectum of ligands and receptors that mediate axon guidance. Now, some thirty years on, two important papers from Bonhoeffer's and Flanagan's groups [2, 3] have provided evidence that positional information in the visual system may be signalled by ligands and receptors of the Eph subfamily of receptor tyrosine kinases.
RAGS -a repulsive axon guidance signal
Bonhoeffer and his colleagues [4] showed some years ago that, when axons of the posterior chick retina are confronted with alternating stripes of membranes derived from anterior and posterior tectum, they choose to grow on those of their appropriate target -the anterior tectum. However, these axons grow equally well on substrates composed of solely anterior or posterior tectal membranes. This finding gave the first indication that retinal axons might actually read gradients, or stepwise changes, of guidance cues that form at the interfaces of the stripes. In fact, Baier and Bonhoeffer [5] have more recently shown that the growth of retinal axons on smooth gradients of posterior membrane-derived components is arrested as a function of the steepness of the gradient.
The next, and critical, observation was that the discrimination by posterior axons in the stripe assay was abolished if posterior, non-target, membranes were treated with heat, proteases or phosphatidylinositol-specific phospholipase C (PI-PLC) [6] . Thus, the activity was very probably due to a protein that inhibits axon growth and is bound to posterior membranes by a glycosyl phosphatidylinositol (GPI) anchor. Moreover, this inhibitory activity was only detectable during the period in which retinal axons innervate the tectum during development. The scene was now set for the identification of a 25 kDa tectal glycoprotein -RAGS or 'repulsive axon guidance signal'.
Drescher et al. [2] urea-extracted chick membranes at appropriate developmental stages and treated them with PI-PLC to release GPI-anchored proteins, which were then subjected to two-dimensional gel electrophoresis. Comparison of the gel patterns of proteins released from the anterior tectum -which should contain little of the inhibitory component -with those from the posterior tectum allowed the unambiguous identification of the RAGS protein and the cloning of its gene. By testing membranes derived from transfected cells expressing RAGS in the stripe assay, RAGS was shown to repel axons from posterior retina. In addition, it was found that RAGS repels axons from anterior retina, whereas the original starting material (posterior tectal membranes) did not, suggesting that there are yet further activities which also guide axons along the anterior-posterior axis.
RAGS mRNA is expressed in increasing levels from the anterior to posterior tectum, but in the deep rather than in the most superficial layers which retinal axons invade. However, as Drescher et al. [2] explain, this would be expected if RAGS is synthesized by radial glia, whose cell bodies coincide with high levels of mRNA expression but whose end feet project to the most superficial layers of the tectum. This idea is entirely plausible, as amphibian retinal axons are repelled on contact with glial cells of the posterior tectum [7] . Indeed, there is evidence that the GPI anchor itself may be associated with the polarization of GPI-anchored proteins in epithelial cells [8] , and this may also be true for glial cells which are known to exhibit polarized distributions of proteins.
Complementary counter gradients
RAGS is a ligand for the Eph subfamily of receptor tyrosine kinases (reviewed in [9] ), which are widely expressed in the developing nervous system but whose functions are largely obscure. These Eph family ligands are all attached to the membrane by transmembrane domains or GPI anchors, and are active only in this form [10] , making them potentially ideal providers of precise axon guidance signals. The Eph receptor ligand ELF-1 (Eph ligand family 1) was cloned by Cheng et al. [11] on the basis of the ability of its product to bind the receptors Mek4 and Sek with high and low affinity, respectively. Cheng et al. [3] then used soluble alkaline phosphatase fusion proteins of ELF-1, Mek4 and Sek to visualize the distribution of their binding sites across the developing chick retina and tectum. Their findings provide the first evidence for complementary counter gradients during development, and show that retinal ganglion cells which express high levels of Mek4 project to regions of the tectum which express low levels of its ligand ELF-1, and vice versa (Fig.  2) . In contrast, Sek is distributed uniformly through the retina, perhaps functioning to modulate axon guidance by interacting with other ligands.
Winslow et al. [12] have now cloned a novel human GPIanchored ligand, AL-1, which is present on astrocytes and interacts with the rat Rek7 receptor that is found on cortical axons. They demonstrated that the fasciculation (bundling together) of cortical axons grown on astrocytes was blocked by soluble forms of AL-1 or a Rek7 fusion protein. As Winslow et al. point out, it is difficult to see how binding of AL-1 and Rek7 could promote axon-toaxon adhesion directly, and it is possible that their mutual interaction upregulates the expression and/or affinities of Dispatch 109
Figure 1
Projections from the retina to the tectum in the normal and rotated eye. In the normal eye, light from the object activates cells 3, 5, 7, 8 and 9, which project to their corresponding like-numbered cells in the tectum. In the rotated eye, the same retinal image now activates cells 1, 2, 3, 5 and 7, which project to their corresponding like-numbered cells in the tectum. A less drastic version of Sperry's experiment -in which you can make the world move -is to cover one eye, focus on an object and then gently press the corner of the lower eyelid of the open eye to displace the eyeball. other adhesion molecules. RAGS is a chick homologue of human AL-1, and given the evidence that RAGS is an axon repellent it is very possible that AL-1 functions similarly, with the result that axons prefer to grow on each other rather than on astrocytes.
Thus, the evidence suggests that Eph receptors and their ligands may function in pathway selection by regulating the ability of axons to fasciculate. It is therefore of interest that Callahan et al. [13] have demonstrated defects in fasciculation and axon pathfinding in Drosophila lacking a functional derailed (drl) gene, which encodes a receptor tyrosine kinase similar to mammalian Ryk. In Drosophila, a set of interneurons expressing drl project axons which cross the midline and then turn to locate their axonal homologues in contralateral pathways -the longitudinal connectives. In mutants lacking drl function, axons do cross the midline but fail to fasciculate with their contralateral homologues. Interestingly, the expression of Drl protein is downregulated in normal axons at the time of fasciculation, suggesting that it may control pathway selection by regulating the expression of other cell-surface molecules -alternatively, if Drl is repellent, fasciculation may be promoted by its absence.
The RAGS homologue AL-1 activates Rek7, the chick homologue of which is Cek7, so it is possible that Cek7 is a receptor for RAGS that is expressed maximally in the posterior retina. Moreover, ELF-1, which has a similar distribution to RAGS, is also a ligand for Cek7 [14] . RAGS and ELF-1, although not homologues, are very similar, and it seems possible that they will both function as repellents (by binding to Mek4). However, it is also possible to speculate at the other extreme as to how these proteins might act together to guide all retinal axons along the anterior-posterior axis. As discussed by Tessier-Lavigne [15] , this could in principle be achieved if ELF-1 functions as an attractive factor for anterior axons. Whether this is the case remains to be seen. Similarly, anterior axons might also be directed to the posterior tectum through an attractive interaction between ELF-1 and Cek7. However, the distributed innervation of the tectum could occur in the absence of absolute attraction such that the interactions are arranged in a hierarchy from just permissive to strongly inhibitory. The promiscuous nature of Eph receptor interactions provides large numbers of possibilities, but ones which are eminently testable -for example, by using the membranes of transfected COS cells expressing an Eph ligand in the stripe assay. Thirty years on, the evidence is firmly with Sperry, and although it will be a daunting task, the basis for understanding the formation of retino-tectal connections may well be at hand.
